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1
SEMICONDUCTOR DEVICES AND
METHODS OF MANUFACTURING

SEMICONDUCTOR DEVICES

CROSS-REFERENCE TO RELATED
APPLICATIONS

Not applicable.

TECHNICAL FIELD

The present disclosure relates, in general, to electronics
and, more particularly, to semiconductor device structures
and methods of forming semiconductor devices.

BACKGROUND

Prior semiconductor devices and methods for forming
semiconductor devices are inadequate, for example resulting
in excess cost, inadequate integration, decreased reliability,
relatively low performance, or dimensions that are too large.

For example, prior low capacitance electrostatic discharge
(ESD) protection devices in which current flows vertically
through a first die have been configured as unidirectional
devices. To make the ESD protection devices bi-directional,
a second die is added to the first die in series, which required
two input/outputs (I/Os). In other configurations, two I/Os in
one in series with two bond wires was used. Having two
separate die or two I/Os reduces the effectiveness of the ESD
protection, uses more semiconductor die area, and increases
assembly costs. In addition, previous approaches to single
die bidirectional ESD protection devices have been unsat-
isfactory including poor ESD survival and high capacitance.

Accordingly, structures and methods are needed for bidi-
rectional ESD devices that improve performance without
increasing capacitance and that decrease package size and
manufacturing costs.

Further limitations and disadvantages of conventional and
traditional approaches will become apparent to one of skill
in the art, through comparison of such approaches with the
present disclosure and reference to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically illustrates a portion of a circuit
representation of a semiconductor device configured as an
electrostatic discharge (ESD) device in accordance with the
present description;

FIG. 2A illustrates a cross-sectional view of a semicon-
ductor device in accordance with the present description;

FIGS. 2B and 2C illustrate partial cross-sectional view of
the semiconductor device of FIG. 2A at steps in fabrication
including alternate embodiments in accordance with the
present description;

FIG. 3 illustrates a cross-sectional view of a semiconduc-
tor device in accordance with the present description;

FIG. 4. illustrates a cross-sectional view of a semicon-
ductor device in accordance with the present description;

FIG. 5 illustrates a cross-sectional view of a semiconduc-
tor device in accordance with the present description; and

FIG. 6 illustrates a cross-sectional view of a semiconduc-
tor device in accordance with the present description.

The following discussion provides various examples of
semiconductor devices and methods of manufacturing semi-
conductor devices. Such examples are non-limiting, and the
scope of the appended claims should not be limited to the
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2

particular examples disclosed. In the following discussion,
the terms “example” and “e.g.”” are non-limiting.

For simplicity and clarity of the illustration, elements in
the figures are not necessarily drawn to scale, and the same
reference numbers in different figures denote the same
elements. Additionally, descriptions and details of well-
known steps and elements are omitted for simplicity of the
description.

For clarity of the drawings, certain regions of device
structures, such as doped regions or dielectric regions, may
be illustrated as having generally straight-line edges and
precise angular corners. However, those skilled in the art
understand that, due to the diffusion and activation of
dopants or formation of layers, the edges of such regions
generally may not be straight lines and that the corners may
not be precise angles.

Although the semiconductor devices are explained herein
as certain N-type conductivity regions and certain P-type
conductivity regions, a person of ordinary skill in the art
understands that the conductivity types can be reversed and
are also possible in accordance with the present description,
taking into account any necessary polarity reversal of volt-
ages, inversion of transistor type and/or current direction,
etc.

In addition, the terminology used herein is for the purpose
of describing particular examples only and is not intended to
be limiting of the disclosure. As used herein, the singular
forms are intended to include the plural forms as well, unless
the context clearly indicates otherwise.

As used herein, “current-carrying electrode” means an
element of a device that carries current through the device,
such as a source or a drain of an MOS transistor, an emitter
or a collector of a bipolar transistor, or a cathode or anode
of a diode, and a “control electrode” means an element of the
device that controls current through the device, such as a
gate of a MOS transistor or a base of a bipolar transistor.

The term “major surface” when used in conjunction with
a semiconductor region, wafer, or substrate means the sur-
face of the semiconductor region, wafer, or substrate that
forms an interface with another material, such as a dielectric,
an insulator, a conductor, or a polycrystalline semiconduc-
tor. The major surface can have a topography that changes
in the x, y and z directions.

The terms “comprises”, “comprising”, “includes”, and/or
“including”, when used in this description, are open ended
terms that specify the presence of stated features, numbers,
steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other
features, numbers, steps, operations, elements, components,
and/or groups thereof.

The term “or” means any one or more of the items in the
list joined by “or”. As an example, “X or y” means any
element of the three-element set {(x), (y), (X, y)}. As another
example, “X, y, or Z” means any element of the seven-
element set {(x), (), (2), (%, ¥), (%, 2), (v, 2), (%, y; 2)}.

Although the terms “first”, “second”, etc. may be used
herein to describe various members, elements, regions,
layers and/or sections, these members, elements, regions,
layers and/or sections should not be limited by these terms.
These terms are only used to distinguish one member,
element, region, layer and/or section from another. Thus, for
example, a first member, a first element, a first region, a first
layer and/or a first section discussed below could be termed
a second member, a second element, a second region, a
second layer and/or a second section without departing from
the teachings of the present disclosure.
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It will be appreciated by one skilled in the art that words,
“during”, “while”, and “when” as used herein related to
circuit operation are not exact terms that mean an action
takes place instantly upon an initiating action but that there
may be some small but reasonable delay, such as propaga-
tion delay, between the reaction that is initiated by the initial
action. Additionally, the term “while” means a certain action
occurs at least within some portion of a duration of the
initiating action.

The use of word “about”, “approximately”, or “substan-
tially” means a value of an element is expected to be close
to a state value or position. However, as is well known in the
art there are always minor variances preventing values or
positions from being exactly stated.

Unless specified otherwise, as used herein, the word
“over” or “on” includes orientations, placements, or rela-
tions where the specified elements can be in direct or indirect
physical contact.

Unless specified otherwise, as used herein, the word
“overlapping” includes orientations, placements, or relations
where the specified elements can at least partly or wholly
coincide or align in the same or different planes.

It is further understood that the examples illustrated and
described hereinafter suitably may have examples and/or
may be practiced in the absence of any element that is not
specifically disclosed herein.

DETAILED DESCRIPTION OF THE DRAWINGS

In general, the present examples relate to semiconductor
device structures and methods of making semiconductor
devices, such as electrostatic discharge (ESD) devices that
utilize a large area Zener diode provided at a back side of a
semiconductor substrate, which is in series with a low
capacitance steering diode at a top side of the semiconductor
substrate. This combination is in parallel with another low
capacitance steering diode in series with a large area sub-
surface Zener diode. The two structures provide a bi-
directional ESD device within a single semiconductor die.
The area of the steering diodes is minimized to keep the
capacitance of the ESD structure low, and the areas of the
two Zener diodes can be independently maximized to
increase ESD performance. Also, the structures and methods
reduce die area, reduce package size, and reduce I/O require-
ments thereby reducing manufacturing complexity and
costs. In some examples, double sided photolithographic
masking techniques, ion implantation, and localized anneal-
ing can be used to form the Zener diode at the back side of
the semiconductor substrate.

In an example, a semiconductor device includes a first
terminal and a second terminal. A first P-N diode having an
anode is coupled to the first terminal and a cathode. A first
Zener diode is in a series combination with the first P-N
diode and has a cathode coupled to the cathode of the first
P-N diode and an anode. A second P-N diode is coupled in
parallel with the series combination of the first P-N diode
and the first Zener diode, the second P-N diode having a
cathode coupled to the first terminal and an anode. A second
Zener diode has a cathode coupled to the second terminal
and an anode, the anode of the second Zener diode is
coupled to the anode of the second P-N diode and coupled
to the anode of the first Zener diode. The semiconductor
device includes a semiconductor substrate of a first conduc-
tivity type having a first peak dopant concentration no less
than approximately 1.0x10'° atoms/cm?. The semiconductor
device includes a first semiconductor region of a second
conductivity type opposite to the first conductivity type and
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having approximately the first peak dopant concentration,
wherein the first semiconductor region forms a first P-N
junction with the semiconductor substrate, and the first P-N
junction forms a junction of the first Zener diode. The
semiconductor device includes a second semiconductor
region of the second conductivity type on the first semicon-
ductor region, wherein the second semiconductor region has
a second peak dopant concentration that is less than the first
peak dopant concentration. The semiconductor device
includes a first doped region of the first conductivity type in
the second semiconductor region and overlying the first
semiconductor region. The semiconductor device includes a
third semiconductor region laterally adjacent to the first
semiconductor region and having the first conductivity type
and a third peak dopant concentration. The semiconductor
device includes a fourth semiconductor region of the first
conductivity type on the third semiconductor region and
having a fourth peak dopant concentration that is less than
the third peak dopant concentration. The semiconductor
device includes a second doped region of the second con-
ductivity type positioned in the fourth semiconductor region
and overlying the third semiconductor region. The semicon-
ductor device includes a third doped region of the second
conductivity type positioned at a bottom side of the semi-
conductor substrate and having approximately the first peak
dopant concentration to provide a second P-N junction with
the semiconductor substrate, wherein the second P-N junc-
tion forms a junction of the second Zener diode.

In an example, a semiconductor device includes a semi-
conductor substrate of a first conductivity type having a first
peak dopant concentration, a top side, and a bottom side
opposite to the top side. A first semiconductor region of a
second conductivity type opposite to the first conductivity
type is at a first portion of the top side, wherein the first
semiconductor region has approximately the first peak dop-
ant concentration and forms a first P-N junction with the
semiconductor substrate, and the first P-N junction forms a
junction of a first Zener diode. A second semiconductor
region of the second conductivity type overlies the first
semiconductor region and has a second peak dopant con-
centration less than the first peak dopant concentration. A
first doped region of the first conductivity type is in the
second semiconductor region and overlies the first semicon-
ductor region, wherein the first doped region forms a second
P-N junction with the second semiconductor region. A third
semiconductor region at a second portion of the top side
laterally adjacent to the first semiconductor region and
having the first conductivity type and a third peak dopant
concentration. A fourth semiconductor region of the first
conductivity type overlies the third semiconductor region
and has a fourth peak dopant concentration less than the
third peak dopant concentration. A second doped region of
the second conductivity type is in the fourth semiconductor
region and overlies the third semiconductor region, wherein
the second doped region forms a third P-N junction with the
fourth semiconductor region. A third doped region of the
second conductivity type is at a bottom side of the semi-
conductor substrate and having approximately the first peak
dopant concentration, the third doped region forms a fourth
P-N junction with the semiconductor substrate, wherein the
fourth P-N junction forms a junction of a second Zener
diode. A first conductor is coupled to the first doped region
and the second doped region at the top side. A second
conductor is coupled to the second Zener diode at the bottom
side of the semiconductor substrate.

In an example, a method of forming a semiconductor
device includes providing a semiconductor substrate of a
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first conductivity type having a first peak dopant concentra-
tion, a top side, and a bottom side opposite to the first side.
The method includes providing a first semiconductor region
of a second conductivity type opposite to the first conduc-
tivity type at a first portion of the top side, wherein the first
semiconductor region has approximately the first peak dop-
ant concentration and forms a first P-N junction with the
semiconductor substrate, and the first P-N junction forms a
junction of a first Zener diode. The method includes pro-
viding a second semiconductor region of the first conduc-
tivity type having a second peak dopant concentration at a
second portion of the side and laterally adjacent to the first
semiconductor region. The method includes providing a
third semiconductor region of the second conductivity type
overlying the first semiconductor region and a fourth semi-
conductor region of the first conductivity type overlying the
second semiconductor region, wherein the third semicon-
ductor region has a third peak dopant concentration that is
less than the first peak dopant concentration. and fourth
semiconductor region has a fourth peak dopant concentra-
tion that is less than the second peak dopant concentration.
The method includes providing a first doped region of the
first conductivity type in the third semiconductor region and
overlying the first semiconductor region, wherein the first
doped region forms a second P-N junction with the third
semiconductor region. The method includes providing a
second doped region of the second conductivity type in the
fourth semiconductor region and overlying the second semi-
conductor region, wherein the second doped region forms a
third P-N junction with the fourth semiconductor region.
The method includes providing a first conductor coupled to
the first doped region and the second doped region. The
method includes providing a third doped region of the
second conductivity type at the bottom side of the semicon-
ductor substrate and having approximately the first peak
dopant concentration to provide a fourth P-N junction with
the semiconductor substrate, wherein the fourth P-N junc-
tion forms a junction of a second Zener diode. The method
includes providing a second conductor coupled to the second
Zener diode at the bottom side of the semiconductor sub-
strate.

Other examples are included in the present disclosure.
Such examples may be found in the figures, in the claims, or
in the description of the present disclosure.

FIG. 1 schematically illustrates a semiconductor device
10 as an embodiment of an electrostatic discharge (ESD)
protection device 10 or ESD device 10. In accordance with
the present description semiconductor device 10 a bi-direc-
tional device having a low capacitance and a fast response
time. Semiconductor device 10 includes two terminals, a
first terminal 11 and a second terminal 12. In some
examples, terminal 11 is an input terminal and terminal 12
generally is an output terminal connected to another element
(not shown), which is to be protected by semiconductor
device 10. For example, terminal 11 may be connected to the
high side of a regulated power supply (such as a five volt (V)
supply). In accordance with the present description, semi-
conductor device 10 is configured to have a low capacitance
between terminals 11 and 12. Semiconductor device 10 also
is formed to limit the maximum voltage that is formed
between terminals 11 and 12 to the clamp voltage of
semiconductor device 10. A sharp breakdown voltage char-
acteristic (or sharp knee) of semiconductor device 10 assists
in accurately controlling the value of the clamp voltage. The
low capacitance assists in providing semiconductor device
10 with a fast response time.
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In accordance with the present description, semiconductor
device 10 includes a first P-N junction diode 13 that is
configured as a first steering diode, a first Zener diode 14 that
is connected in a series combination with first P-N diode 13,
and a second P-N junction diode 17 that is configured as a
second steering diode. Second P-N junction diode 17 is
coupled in parallel with the series combination of diodes 13
and 14. In accordance with the present description, device
10 further includes a second Zener diode 18 that is coupled
in a series combination with diodes 13 and 14 and coupled
in a series combination with diode 17.

In an example normal operation, semiconductor device 10
is biased to a normal operating voltage, such as a voltage that
is between about one volt (1V) and the Zener voltage of
diode 14, by applying about one volt (1V) to terminal 11 and
a ground reference voltage to terminal 12. Because of the
hereinafter described characteristics of semiconductor
device 10, the capacitance of device 10 remains low as the
voltage between terminals 11 and 12 varies over this normal
operating voltage. However, the capacitance of an ESD
device is customarily specified with zero volts applied
across the device. This zero voltage condition is normally
referred to as a zero bias condition. As will be seen further
hereinafter, at this zero biased condition the hereinafter
described low capacitance features of semiconductor device
10 forms very low capacitance values for diodes 13 and 17.
Since the capacitance of capacitors in series is smaller than
that of the smallest capacitor, the capacitance resulting from
diodes 13 and 14 at this zero bias condition is smaller than
the capacitance of either of diodes 13 or 14. The capacitance
of semiconductor device 10 is the additive product of the
equivalent capacitance of diodes 13 and 14 plus the capaci-
tance of diode 17, and the equivalent capacitance of that
additive product and the capacitance of diode 18. As will be
seen further hereinafter, the capacitance of diode 17 is also
very small, thus, the overall capacitance of semiconductor
device 10 is very small at this zero bias condition.

If a positive ESD event is received on terminal 11,
terminal 11 is forced to a large positive voltage relative to
terminal 12. Because the anode of diode 13 is connected to
terminal 11 and the cathode is connected to the cathode of
diode 14, the large positive voltage forward biases diode 13
and reverse biases diode 14. As the voltage between termi-
nals 11 and 12 reaches the positive threshold voltage of
semiconductor device 10 (the forward voltage of diode 13
plus the Zener voltage of diode 14 plus the forward voltage
of diode 18) a positive current (Ip) flows from terminal 11
through diodes 13, 14, and 18 to terminal 12. Diode 14
clamps the maximum voltage applied to terminal 12 to
approximately the Zener voltage of diode 14 (plus the
forward voltage of diode 13 and the forward voltage of diode
18). The sharp knee of diode 14 causes diode 14 to rapidly
clamp the maximum voltage between terminals 11 and 12 to
the Zener voltage of diode 14. The Zener voltage of diode 14
generally is about two and one-half to eighty volts (2.5 V-80
V) and preferably is about five volts (5V).

If a negative ESD event is received on terminal 11,
terminal 11 is forced to a large negative voltage relative to
terminal 12. Because the cathode of diode 17 is connected
to terminal 11 and the anode is connected to the anode of
diode 18, the large negative voltage forward biases diode 17
and reverse biases diode 18. As the voltage between termi-
nals 11 and 12 reaches the negative threshold voltage of
device 10 (the forward voltage of diode 17 plus the Zener
voltage of diode 18) a negative current (I,) flows from
terminal 12 through diodes 18 and 17 to terminal 11. Diode
18 clamps the maximum voltage applied to terminal 11 to
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approximately the Zener voltage of diode 18 (plus the
forward voltage of diode 17). The sharp knee of diode 18
causes diode 18 to rapidly clamp the maximum voltage
between terminals 11 and 12 to the Zener voltage of diode
18. The Zener voltage of diode 18 generally is about two and
one-half to eighty volts (2.5 V-80 V) and preferably is about
five volts (5V). In this manner, semiconductor device 10 is
configured as a generally bi-directional ESD device. In
accordance with the present description and as will be
described in more detail later, diode 18 is larger than diode
14 so the Zener voltages of diodes 14 and 18 do not have to
be the same but can be substantially similar. For example,
the Zener voltages of diodes 14 and 18 can be within a few
tenths of a volt to a few volts of each other.

FIG. 2A illustrates a cross-sectional view example of
semiconductor device 10 in accordance with the present
description. Semiconductor device 10 is configured as a
bi-directional ESD device. Diodes 13, 14, 17, and 18 (which
are generally referenced using arrows) are formed as part of
a semiconductor substrate 21 and a semiconductor layer 27.
In some examples, semiconductor substrate 21 is a silicon
substrate having a P-type conductivity type and a peak
dopant concentration selected to provide the desired Zener
voltage for Zener diodes 14 and 18. In some examples, the
peak dopant concentration of semiconductor substrate is no
less than or greater than or equal to 1.0x10'? atoms/cm>. In
other examples, the peak dopant concentration is between
1.0x10"° atoms/cm® and 1x10*" atoms/cm”.

Semiconductor layer 27 is on, overlying, or over semi-
conductor substrate 21 and can be formed using, for
example, epitaxial growth techniques. In accordance with
the present description, semiconductor layer 27 is formed as
an undoped or intrinsic semiconductor layer. That is, semi-
conductor layer 27 is an as-formed undoped or intrinsic
silicon semiconductor layer. Instead, as will be described in
more detail later, semiconductor layer 27 is doped from
buried layer regions provided on or over semiconductor
substrate 21 before semiconductor layer 27 is formed. In
some examples, semiconductor substrate 21 and semicon-
ductor layer 27 can be referred to as a semiconductor
workpiece or a region of semiconductor material.

Semiconductor device 10 includes a semiconductor
region 24 and a semiconductor region 32, which are laterally
adjacent to each other and between semiconductor substrate
21 and semiconductor layer 27. In the present example,
semiconductor region 24 has an N-type conductivity type
and has a peak dopant concentration approximately the same
as the peak dopant concentration of semiconductor substrate
21. In some examples, semiconductor region 24 has a
generally small thickness in a range from about 1 micron to
about 3 microns or more. Because of the small thickness and
the high dopant concentration of semiconductor region 24,
when semiconductor device 10 receives a positive voltage
from terminal 11 to terminal 12, the voltage causes the
carrier concentration to be confined to a small and high-
density area within semiconductor region 24 and near to the
interface with semiconductor substrate 21. This high con-
centration of carriers and dopants provides Zener diode
operating characteristics to the diode formed between semi-
conductor substrate 21 and semiconductor region 24 thereby
forming Zener diode 14. This combination also provides
Zener diode 14 with a very sharp breakdown or knee and
allows very accurate control over the breakdown voltage or
Zener voltage of diode 14. The breakdown voltage or Zener
voltage of diode 14 can be adjusted by changing the carrier
concentration of semiconductor region 24 and/or semicon-
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8

ductor substrate 21. Zener breakdown voltage is consider-
ably more controllable as compared to device using punch-
through breakdown voltage.

In the present example, semiconductor region 32 has a
P-type conductivity type and a peak dopant concentration in
a range from about 1.0x10'¢ atoms/cm® to about 1.0x10"7
atoms/cm®. In some examples, other concentrations can be
used. In some examples, the peak dopant concentration of
semiconductor region 32 is less than the peak dopant con-
centration of semiconductor region 24. In some examples,
the dopant concentration of semiconductor region 32 can be
selected to adjust the blocking voltage characteristics of
diode 17.

In accordance with the present description, both semicon-
ductor region 24 and semiconductor region 32 are formed on
or within semiconductor substrate 21 using masking and
doping techniques as known to one or ordinary skill in the
art. In some examples, a first masking layer can be provided
over semiconductor substrate 21 leaving a first area for
semiconductor region 24 exposed. N-type dopant can then
be provided for semiconductor region 24 using, for example,
ion implantation techniques. A second masking layer can
then be provided over semiconductor substrate 21 leaving a
second area for semiconductor region 32 exposed. P-type
dopant can then be provided for semiconductor region 32
using, for example, ion implantation techniques.

After dopants for both semiconductor region 24 and
semiconductor region 32 are provided, semiconductor layer
27 can be formed over semiconductor region 24 and semi-
conductor region 32 using epitaxial growth techniques.
When epitaxial growth techniques are used to form semi-
conductor layer 27, the dopants in semiconductor region 24
and semiconductor region 32 out-diffuse and provide a
dopant source for increasing the dopant concentration of
semiconductor layer 27. That is, semiconductor layer 27 is
auto-doped by semiconductor regions 24 and 32. The out-
diffusion of N-type conductivity dopant from semiconductor
region 24 provides an N-type conductivity semiconductor
region 211 and the out-diffusion of P-type conductivity
dopant from semiconductor region 32 provides a P-type
conductivity semiconductor region 212. More particularly,
semiconductor layer includes semiconductor region 211 and
semiconductor region 212, which are laterally adjacent to
each other.

Subsequently, isolation structures 29 and 31 are formed to
isolate the portion of semiconductor region 211 where diode
13 is to be formed from the portion of semiconductor region
212 where diode 17 is to be formed. In some examples,
isolation structures 29 and 31 can be isolation trenches and
can be referred to as isolation trenches 29 and 31. Isolation
trenches 29 and 31 generally are formed by creating open-
ings from a top side of semiconductor layer 27, through
semiconductor layer 27, through semiconductor regions 24
and 32, and extending into semiconductor substrate 21.
Isolation trenches 29 and 31 can be formed using photoli-
thography and etch techniques or other techniques as known
to one of ordinary skill in the art.

The configuration of isolation trenches 29 and 31 reduces
or prevents lateral conduction between semiconductor
regions 24, 32, 211, and 212 and diodes 13, 14 and 17.
Isolation trenches 29 and 31 can include a dielectric liner 30
along the sidewalls and bottoms of trenches 29 and 31 and
filling the remaining opening with a dielectric or with doped
or undoped polysilicon. Alternately, dielectric liner 30 may
be formed along the sidewalls but not bottom of trenches 29
and 31. Isolation trench 29 preferably forms a closed poly-
gon with a periphery that has an opening that encloses a
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portion of semiconductor region 211. Isolation trench 31
preferably forms a closed polygon with a periphery that has
an opening that encloses a portion of semiconductor region
212. Each of isolation trench 29 and isolation trench 31 may
be regarded as a multiply-connected domain.

Semiconductor region 24 is positioned such that it extends
between the outside edges of isolation trench 29 but termi-
nates before the outside edge of trench 31. This configura-
tion assists in using semiconductor region 24 to form a
continuous Zener diode 14 and to ensure semiconductor
region 24 does not extend into semiconductor region 212 or
semiconductor region 32 underlying diode 17. Semiconduc-
tor region 32 is positioned such that it extends between the
outside edges of isolation trench 31 but terminates before the
outside edge of isolation trench 29. This configuration
ensures that semiconductor region 32 does not extend into
semiconductor region 211 or semiconductor region 24.

Semiconductor device 10 includes a doped region 33 that
is formed at the top side of semiconductor layer 27 within
semiconductor region 211. Doped region 33 forms a P-N
junction with semiconductor region 211 and forms a junc-
tion for diode 13. Doped region 33 has a P-type conductivity
type and extends into semiconductor region 211 and overlies
semiconductor region 24. Doped region 33 is positioned
within semiconductor region 211 such that isolation trench
29 completely surrounds doped region 33. In some
examples, isolation trench 29 is a single continuous trench
isolation that is formed around doped region 33. The peak
dopant concentration of doped region 33 is greater than the
peak dopant concentration of semiconductor region 211 and
can be approximately equal to the peak dopant concentration
of semiconductor substrate 21. In some examples, doped
region 33 extends into semiconductor region 211 a distance
less than about 2 microns. In some examples, the distance is
between 0.1 microns and 2 microns from the top side of
semiconductor layer 27. The large differential dopant con-
centration between doped region 33 and semiconductor
region 211, the small area, and the shallow depth of doped
region 33 help to provide diode 13 with a very small
capacitance. As described previously, the very small capaci-
tance of diode 13 under zero bias conditions assists in
forming a small zero capacitance for semiconductor device
10.

Doped region 33 is separated from semiconductor region
24 by a distance that assists in minimizing the capacitance
of diode 14. The spacing generally is approximately 2
microns to 20 microns. The portion of semiconductor region
211 that is between doped region 33 and semiconductor
region 24 forms a drift portion of diode 13. The thickness of
the drift portion generally is at least around 2 microns to
reduce the formation of parasitic transistor action and to
ensure that semiconductor device 10 does not operate in a
punch-through operating region.

A doped region 34 is formed within semiconductor region
212 and has an N-type conductivity type. Doped region 34
forms a P-N junction with semiconductor region 212 and
provides a junction for diode 17. The peak dopant concen-
tration of doped region 34 is greater than the peak dopant
concentration of semiconductor region 212, and preferably
is approximately equal to the peak dopant concentration of
semiconductor substrate 21. In some examples, doped
region 34 is formed at the top side of semiconductor layer 27
within semiconductor region 212 and extends approximately
the same distance into semiconductor region 212 as doped
region 33 extends into semiconductor region 211. Doped
region 34 overlies semiconductor region 32 and is posi-
tioned so that the periphery of doped region 34 at the top side
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of semiconductor layer 27 is completely surrounded by
isolation trench 31. In some examples, isolation trench 31 is
one continuous trench. The low carrier concentration of
semiconductor region 212 and the shallow depth of doped
region 34 assist in providing diode 17 with a very small
capacitance. As described previously, the very small capaci-
tance of diode 17 under zero bias conditions assists in
forming a small zero bias capacitance for semiconductor
device 10.

Semiconductor device 10 further includes a dielectric 36
over the top side of semiconductor layer 27. Dielectric 36
can be provided prior to the formation of doped regions 33
and 34 and can comprise one or more dielectric layers
including for example, a field dielectric layer and a pre-
ohmic dielectric layer. In some examples, dielectric 36
comprises an oxide, a nitride, combinations thereof, or other
dielectrics as known to one of ordinary skill the art. Dielec-
tric 36 can be provided using thermal growth processes or
chemical vapor deposition processes. Dielectric 36 can be
patterned to provide openings for doped regions 33 and 34
using, for example, photolithographic and etch processes.

Semiconductor device 10 further includes a conductor 38
over dielectric 36 that makes contact or is coupled to doped
regions 33 and 34 through openings in dielectric 36. In some
examples, conductor 38 comprises one or more metals or
metal layers. In some examples, conductor 38 can comprise
an aluminum alloy, such as aluminum (Al)-silicon (Si)-
copper (Cu) alloy. In some examples, a solderable material
or sintering material is provided over the aluminum alloy. In
other examples, conductor 38 can comprise titanium (Ti)
nickel (Ni) silver (Ag) or chromium (Cr) Ni gold (Auw).
Conductor 38 can be formed using evaporation, sputtering,
or other deposition techniques. In some examples, conductor
38 has a thickness between about 2 microns and 9 microns.
Conductor 38 provides terminal 11 for semiconductor device
10 as illustrated in FIG. 1

In a subsequent fabrication step, a portion of the back side
of semiconductor substrate 21 is removed to reduce the
overall thickness of semiconductor substrate 21. In some
examples, a back grinding and etching process is used to
remove a portion of semiconductor substrate 21 from the
back side. In some examples, the thickness of semiconductor
substrate 21 and semiconductor layer 27 after the removal
process can between about 100 microns and about 200
microns. In other examples, the thickness can be less than
100 microns or more than 200 microns.

FIGS. 2B and 2C illustrate a portion of semiconductor
substrate 21 after semiconductor substrate 21 is reduced in
thickness and after additional processing to form doped
region 22. In the present example, doped region 22 is an
N-type conductivity type region that forms a P-N junction
with semiconductor substrate 21 and provides a junction for
Zener diode 18. In accordance with the present description,
a mask 59 is provided over back side 218 of semiconductor
substrate 21 and is provided with an opening 59A for
forming doped region 22. In some examples, mask 59 can be
a photoresist layer or other deposited masking materials.
Mask 59 can be provided using double-sided alignment
photolithographic tools that effectively align opening 59A of
mask 59 to the structures on the top side of semiconductor
layer 27. In this way the dopant used to form doped region
22 is aligned to semiconductor regions 24 and 32. In some
examples, the thickness of mask 59 is selected to block
dopant that is used to form doped region 22.

In some examples, one or more low energy ion implants
(generally represented by arrows 63) are used to form an
implanted region 22A at back side 218 within opening 59A
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as generally illustrated in FIG. 2B. In accordance with the
present description, the ion implant dose is selected so that
the peak dopant concentration of doped region 22 is approxi-
mately the same as the peak dopant concentration of semi-
conductor substrate 21. In some examples, an N-type dopant
is ion implanted into back side 218 at an ion implant energy
of 100 keV or more. In some examples, phosphorus or
arsenic is ion implanted at dose between about 1.0x10'°
atoms/cm” to 1.0x10'® atoms/cm® or more. In some
examples, different doses and/or implant energies can be
used in a multiple ion implant process. After the dopant is
implanted, mask 59 can be removed and a thermal treatment
can be used to activate and diffuse the N-type dopant into
semiconductor substrate 21 to form doped region 22. In
some examples, a laser anneal process can be used to
activate and diffuse the N-type dopant to form doped region
22. In some examples, doped region 22 extends a distance
into semiconductor substrate of about 0.2 microns to about
3 micron or more after the thermal treatment. Because of the
small thickness and the high dopant concentration of doped
region 22, when semiconductor device 10 receives a nega-
tive voltage from terminal 11 to terminal 12, the voltage
causes the carrier concentration to be confined to a small and
high-density area within doped region 22 and near the
interface with semiconductor substrate 21. This high con-
centration of carriers and dopants provides Zener diode
operating characteristics to the diode formed between semi-
conductor substrate 21 and doped region 22 thereby forming
Zener diode 18. This combination also provides Zener diode
18 with a very sharp breakdown or knee and allows very
accurate control over the breakdown voltage or Zener volt-
age of diode 18. The breakdown voltage or Zener voltage of
diode 18 can be adjusted by changing the carrier concen-
tration of doped region 22 and/or semiconductor substrate
21. As set forth previously, Zener breakdown voltage is
considerably more controllable as compared to device using
punch-through breakdown voltage.

In accordance with the present description, doped region
22 is a patterned region that is inset or laterally spaced
inwards from the edges of semiconductor device 10 as
illustrated in FIGS. 2A-2C. That is, doped region 22 does not
laterally extend completely to the edges of semiconductor
substrate 21. In some examples, mask 59 can remain in place
over back side 218 of semiconductor substrate 21 to provide
further isolation of doped region 22. Doped region 22
underlies both semiconductor region 24 and semiconductor
region 32 and is separated from semiconductor region 24
and semiconductor region 32 by semiconductor substrate 21.
In accordance with the present description, doped region 22
has width that is larger than the width of semiconductor
region 24 as illustrated in FIG. 2A.

Semiconductor device 10 further includes a conductor 39
formed at back side 218 adjacent to doped region 22. In
some examples, conductor 39 can comprise Al—Ni-vana-
dium (V)—Au and can be formed evaporation, sputtering, or
other deposition techniques as known to one of ordinary
skill in the art. In other examples, Ti—Ni—Ag, Al—Ni—
Ag, or Cr—Ni—Au can be used. In some examples, con-
ductor 39 has a thickness in a range from about 1 micron to
about 4 microns. Conductor 39 provides a terminal 12 for
semiconductor device 10 as illustrated in FIG. 1.

In some examples, conductor 39 has a smaller width than
doped region 22 as illustrated in FIG. 2A. That is, conductor
39 can be inset with respect to the edges of doped region 22.
In this way, conductor 39 does not short the P-N junction
that forms Zener diode 18. This is further illustrated in the
left portion of FIG. 2C. In other examples, mask 59 can be
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left in place to isolate the P-N junction that forms Zener
diode 18, and conductor 39 can extend to overlap at least a
portion of mask 59 as illustrated in the right portion of FIG.
2C. In some examples where mask 59 remains over back
side 218 of semiconductor substrate 21, mask 59 can be an
organic polymer film, such as polyimide or other materials
as known to one of ordinary skill in the art. Double-sided
photolithography techniques can be used to form conductor
39. In some examples, conductor 39 is a patterned conductor
on back side 218 of semiconductor device 10.

In accordance with the present description, diodes 13 and
17 can have low capacitance to provide an overall low
capacitance for semiconductor device 10. Zener diodes 14
and 18 can be larger area diodes to sustain positive and
negative ESD events. More particularly, the area of Zener
diode 18 (which is a patterned back-side diode for semicon-
ductor device 10) is advantageously close to the area of
semiconductor device 10 to provide enhanced ESD protec-
tion for the selected size of semiconductor device 10. During
a positive ESD pulse, diode 13 steers the positive pulse
through the buried Zener diode 14. Diode 17 blocks the
positive pulse. Zener diode 18 adds a forward voltage drop
to the breakdown voltage of Zener diode 14. During a
negative ESD pulse, diode 17 steers the negative pulse
through Zener diode 18. Diode 13 blocks the negative pulse.

Among other things, semiconductor device 10 provides a
bi-directional ESD device within a single semiconductor die
that has a smaller die size compared to previous devices that
required two die, which supports smaller packages. In
addition, semiconductor device 10 reduces the number of
required packaging interconnects, for example, from two
interconnects to one interconnect. Semiconductor device 10
provides additional design freedom and improves the nega-
tive side of ESD performance without significantly increas-
ing capacitance. In addition, the breakdown voltage of the
negative side of semiconductor device 10 can be adjusted
based on the dopant concentrations of semiconductor sub-
strate 21 and doped region 22. This is an improvement over
previous ESD devices.

FIG. 3 illustrates a cross-sectional view of a semiconduc-
tor device 30 configured as a bi-directional ESD device
within a single semiconductor die in accordance with the
present description. Semiconductor device 30 is similar to
device 10 and only the differences between the devices are
described. Semiconductor device 30 includes a semiconduc-
tor layer 210 interposed between semiconductor layer 27
and semiconductor substrate 21. In this example, semicon-
ductor regions 24 and 32 are formed within semiconductor
layer 210. In some examples, semiconductor layer 210 has
the same conductivity type as semiconductor substrate 21 (in
this example, a P-type conductivity), and can have a peak
dopant concentration that is different than the peak dopant
concentration of semiconductor substrate 21. In some
examples, the peak dopant concentration of semiconductor
layer 210 is less than the peak dopant concentration of
semiconductor substrate 21. In some examples, semicon-
ductor layer 210 is formed using epitaxial growth tech-
niques, and can have a thickness that is selected so that
semiconductor regions 24 and 32 do not extend through
semiconductor layer 210 into semiconductor substrate 21. In
this way semiconductor layer 210 can be used to adjust the
characteristics of the breakdown voltage of Zener diode 14.

FIG. 4 illustrates a cross-sectional view of a semiconduc-
tor device 40 configured as a bi-directional ESD device
within a single semiconductor die in accordance with the
present description. Semiconductor device 40 is similar to
semiconductor device 10 and only the differences between
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the devices are described. In semiconductor device 40,
doped region 22 includes multiple portions (e.g., portions
22A and 22B) to form doped region 22 at the back side of
semiconductor substrate 21. Portion 22B extends inward
from the bottom side of semiconductor substrate 21 a
distance that is greater than the distance portion 22A extends
inward. In some examples, portion 22B has a different peak
dopant concentration than the peak dopant concentration of
portion 22A. In some examples, the peak dopant concen-
tration of portion 22B is less than the peak dopant concen-
tration of portion 22A. Portion 22B forms a P-N junction
with semiconductor substrate 21 to provide Zener diode 18.
The multiple portions for doped region 22 can be used to
adjust the characteristics of the breakdown voltage of Zener
diode 18.

FIG. 5 illustrates a cross-sectional view of a semiconduc-
tor device 50 configured as a bi-directional ESD device and
FIG. 6 illustrates a cross-sectional view of a semiconductor
device 60 configured as a bi-directional ESD device both
within a single semiconductor die in accordance with the
present description. Semiconductor device 50 and semicon-
ductor device 60 are similar to semiconductor device 10 and
only the differences between the devices will be described.
Semiconductor device 50 comprises an annular ring con-
figuration where semiconductor region 24 and doped region
33 are provided as ring shapes or structures that surround
semiconductor region 32 and doped region 34. That is,
semiconductor region 32 and doped region 34 are provided
in a central portion of semiconductor layer 27 and semicon-
ductor region 24 and doped region 33 are provided as rings
that surround semiconductor region 32 and doped region 34.
In some examples, semiconductor region 32 and doped
region 34 can have circular shapes. In this way, semicon-
ductor device 50 is configured to distribute current more
evenly during an ESD event.

Semiconductor device 60 comprise annular ring configu-
ration where semiconductor region 32 and doped region 34
are provided as ring shapes or structures that surround
semiconductor region 24 and doped region 33. That is,
semiconductor region 24 and doped region 33 are provided
in central portion of semiconductor layer 27 and semicon-
ductor region 32 and doped region 34 are provided as rings
that surround semiconductor region 24 and doped region 33.
In some examples, semiconductor region 24 and doped
region 33 can have circular shapes. In this way, semicon-
ductor device 60 is configured to distribute current more
evenly during an ESD event. In some examples of semi-
conductor devices 50 and 60, diode 18 can also have a
circular shape. In other examples, diode 18 has a rectangular
shape with rounded corners to reduce electric field crowding
and premature breakdown.

It is understood that the different examples described
herein can be combined with any of the other examples
described herein to obtain different embodiments.

In addition, it is understood that different semiconductor
materials can be selected for semiconductor substrate 21 and
semiconductor layer 27. In some examples, both semicon-
ductor substrate 21 and semiconductor layer 27 can be
silicon. However, the present description is relevant to other
materials including other heterojunction semiconductor
materials, such as SiGe, SiGeC, GaAs, InGaP, GaN, and
AIN. Further, semiconductor substrate and semiconductor
layers 27 (and semiconductor layer 210) can be the same or
different materials.

While the subject matter of the invention is described with
specific preferred examples, the foregoing drawings and
descriptions thereof depict only typical examples of the
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subject matter and are not therefore to be considered limiting
of its scope. It is evident that many alternatives and varia-
tions will be apparent to those skilled in the art. For example,
the conductivity types of the various regions can be
reversed. In addition, other edge termination structures can
be incorporated. Further, other isolation techniques can be
used to isolate diodes 13, 14, and 17 as well as diode 18. It
is understood that the term semiconductor substrate can refer
to an individual semiconductor die, a plurality of semicon-
ductor die, or a semiconductor wafer.

As the claims hereinafter reflect, inventive aspects may lie
in less than all features of a single foregoing disclosed
example. Thus, the hereinafter expressed claims are hereby
expressly incorporated into this Detailed Description of the
Drawings, with each claim standing on its own as a separate
example of the invention. Furthermore, while some
examples described herein include some, but not other
features included in other examples, combinations of fea-
tures of different examples are meant to be within the scope
of the invention and meant to form different examples as
would be understood by those skilled in the art.

What is claimed is:

1. A semiconductor device, comprising:

a first terminal;

a second terminal;

a first P-N diode having an anode coupled to the first
terminal and a cathode;

a first Zener diode in a series combination with the first
P-N diode having a cathode coupled to the cathode of
the first P-N diode and an anode;

a second P-N diode coupled in parallel with the series
combination of the first P-N diode and the first Zener
diode, the second P-N diode having a cathode coupled
to the first terminal and an anode; and

a second Zener diode having a cathode coupled to the
second terminal and an anode, the anode of the second
Zener diode coupled to the anode of the second P-N
diode and coupled to the anode of the first Zener diode;

wherein the semiconductor device comprises:

a semiconductor substrate of a first conductivity type
having a first peak dopant concentration no less than
approximately 1.0x10"° atoms/cm?;

a first semiconductor region of a second conductivity
type opposite to the first conductivity type and
having approximately the first peak dopant concen-
tration, wherein:
the first semiconductor region forms a first P-N

junction with the semiconductor substrate; and
the first P-N junction forms a junction of the first
Zener diode;

a second semiconductor region of the second conduc-
tivity type on the first semiconductor region, wherein
the second semiconductor region has a second peak
dopant concentration that is less than the first peak
dopant concentration;

a first doped region of the first conductivity type in the
second semiconductor region and overlying the first
semiconductor region;

a third semiconductor region laterally adjacent to the
first semiconductor region and having the first con-
ductivity type and a third peak dopant concentration;

a fourth semiconductor region of the first conductivity
type on the third semiconductor region having a
fourth peak dopant concentration that is less than the
third peak dopant concentration;
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a second doped region of the second conductivity type
in the fourth semiconductor region and overlying the
third semiconductor region; and

a third doped region of the second conductivity type
contiguous with a bottom side of the semiconductor
substrate and the second terminal, wherein the third
doped region comprises approximately the first peak
dopant concentration to provide a second P-N junc-
tion with the semiconductor substrate, and wherein
the second P-N junction forms a junction of the
second Zener diode.

2. The semiconductor device of claim 1, wherein:

the third doped region is a patterned region that is inset
from edges of the semiconductor substrate; and

the first semiconductor region is at least partially within
the semiconductor substrate.

3. The semiconductor device of claim 1, wherein:

the first doped region and the second doped region have
approximately the first peak dopant concentration.

4. The semiconductor device of claim 1, wherein:

the first doped region is spaced a distance of at least two
microns from the first semiconductor region.

5. The semiconductor device of claim 1, further compris-

ing:

an isolation structure isolating the first semiconductor
region, the second semiconductor region and the first
doped region from the third semiconductor region and
the second doped region.

6. The semiconductor device of claim 5, wherein:

the isolation structure comprises:

a first isolation trench extending from a top side of the
second semiconductor region, through the first semi-
conductor region into the semiconductor substrate;
and

a second isolation trench extending from a top side of
the fourth semiconductor region, through the third
semiconductor region into the semiconductor sub-
strate;

wherein:
the first isolation trench surrounds the first doped

region; and

the second isolation trench surrounds the second doped
region.

7. The semiconductor device of claim 1, wherein:

the first semiconductor region has a first width;

the third doped region has a second width; and

the second width is greater than the first width.

8. The semiconductor device of claim 1, wherein:

the second terminal is coupled to the third doped region
at the bottom side of the semiconductor substrate;

the third doped region has a first width;

the second terminal has a second width; and

the second width is less than the first width.

9. The semiconductor device of claim 1, wherein:

the semiconductor substrate has a semiconductor layer of
the first conductivity type on the semiconductor sub-
strate;

the semiconductor layer has a peak dopant concentration
less than the first peak dopant concentration;

the first semiconductor region and the second semicon-
ductor region are within the semiconductor layer;

a portion of the semiconductor layer is interposed
between the first semiconductor region and the second
semiconductor region and the semiconductor substrate;
and

the first semiconductor region forms the first P-N junction
with the semiconductor layer.
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10. The semiconductor device of claim 1, wherein:

the first semiconductor region surrounds the third semi-
conductor region.

11. The semiconductor device of claim 1, wherein:

the third semiconductor region surrounds the first semi-
conductor region.

12. The semiconductor device of claim 1, wherein:

the third doped region comprises:

a first portion that extends from the bottom side of the
semiconductor substrate a first distance; and

a second portion that extends from the bottom side of
the semiconductor substrate a second distance;
the first distance is greater the second distance;
the second portion has approximately the first peak dopant
concentration;
the first portion has a peak dopant concentration that is
less than the first peak dopant concentration; and
the first portion forms the second P-N junction with the
semiconductor substrate.
13. A semiconductor device, comprising:
a semiconductor substrate of a first conductivity type
having a first peak dopant concentration, a top side, and
a bottom side opposite to the top side;
a first semiconductor region of a second conductivity type
opposite to the first conductivity type at a first portion
of the top side, wherein:
the first semiconductor region has approximately the
first peak dopant concentration and forms a first P-N
junction with the semiconductor substrate; and

the first P-N junction forms a junction of a first Zener
diode;

a second semiconductor region of the second conductivity
type overlying the first semiconductor region, and has
a second peak dopant concentration less than the first
peak dopant concentration;

a first doped region of the first conductivity type in the
second semiconductor region and overlying the first
semiconductor region, wherein the first doped region
forms a second P-N junction with the second semicon-
ductor region;

a third semiconductor region at a second portion of the top
side laterally adjacent to the first semiconductor region
and having the first conductivity type and a third peak
dopant concentration;

a fourth semiconductor region of the first conductivity
type overlying the third semiconductor region and
having a fourth peak dopant concentration less than the
third peak dopant concentration;

a second doped region of the second conductivity type in
the fourth semiconductor region and overlying the third
semiconductor region, wherein the second doped
region forms a third P-N junction with the fourth
semiconductor region;

a third doped region of the second conductivity type
contiguous with the bottom side and having approxi-
mately the first peak dopant concentration, the third
doped region forms a fourth P-N junction with the
semiconductor substrate, wherein the fourth P-N junc-
tion forms a junction of a second Zener diode;

a first conductor coupled to the first doped region and the
second doped region at the top side; and

a second conductor contiguous with the third doped
region and the bottom side of the semiconductor sub-
strate.

14. The semiconductor device of claim 13, wherein:

the first doped region has a first width;

the second doped region has a second width;
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the first semiconductor region has a third width;
the third doped region has a fourth width;
the third width and the fourth width are greater than the
first width and the second width; and
the fourth width is greater than the third width.
15. The semiconductor device of claim 13, wherein:
the third doped region is a patterned region; and
the third peak dopant concentration is less than the first
peak dopant concentration.
16. The semiconductor device of claim 13, wherein:
the first peak dopant concentration is greater than or equal
to approximately 1.0x10'° atoms/cm®.
17. The semiconductor device of claim 13, further com-
prising:
an isolation structure isolating the first semiconductor
region, the second semiconductor region and the first
doped region from the third semiconductor region and
the second doped region.
18. A method of forming a semiconductor device, com-
prising:
providing a semiconductor substrate of a first conductivity
type having a first peak dopant concentration, a top
side, and a bottom side opposite to the top side;
providing a first semiconductor region of a second con-
ductivity type opposite to the first conductivity type at
a first portion of the top side, wherein:
the first semiconductor region has approximately the
first peak dopant concentration and forms a first P-N
junction with the semiconductor substrate; and
the first P-N junction forms a junction of a first Zener
diode;
providing a second semiconductor region of the first
conductivity type having a second peak dopant con-
centration at a second portion of the top side and
laterally adjacent to the first semiconductor region;
providing a third semiconductor region of the second
conductivity type overlying the first semiconductor
region and a fourth semiconductor region of the first
conductivity type overlying the second semiconductor
region, wherein:
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the third semiconductor region has a third peak dopant
concentration that is less than the first peak dopant
concentration; and
the fourth semiconductor region has a fourth peak
dopant concentration that is less than the second
peak dopant concentration;
providing a first doped region of the first conductivity
type in the third semiconductor region and overlying
the first semiconductor region, wherein the first doped
region forms a second P-N junction with the third
semiconductor region;
providing a second doped region of the second conduc-
tivity type in the fourth semiconductor region and
overlying the second semiconductor region, wherein
the second doped region forms a third P-N junction
with the fourth semiconductor region;
providing a first conductor coupled to the first doped
region and the second doped region;
providing a third doped region of the second conductivity
type contiguous with the bottom side of the semicon-
ductor substrate and having approximately the first
peak dopant concentration to provide a fourth P-N
junction with the semiconductor substrate, wherein the
fourth P-N junction forms a junction of a second Zener
diode; and
providing a second conductor contiguous with the third
doped region and the bottom side of the semiconductor
substrate.
19. The method of claim 18, wherein providing the third

30 doped region comprises:

35

forming a mask over the bottom side of the semiconductor
substrate, the mask having an opening; and

ion implanting dopant of the second conductivity type
into the bottom side of the semiconductor substrate
through the opening.

20. The method of claim 19, wherein:

the ion implanting dopant comprises using more than one
ion implant dose.
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